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The current Shigella sonnei pandemic involves geographically associated, multidrug-resistant clones. This study has demon-
strated that S. sonnei phylogeny can be accurately defined with limited single nucleotide polymorphisms (SNPs). By typing 6
informative SNPs using a high-resolution melting (HRM) assay, major S. sonnei lineages/sublineages can be identified as defined
by whole-genome variation.

Shigella sonnei has emerged as a major global cause of shigellosis
(1–5). There are 4 distinct S. sonnei lineages, and the current

global burden involves several geographically associated, multi-
drug-resistant clones that belong to a single lineage (1). A cost-
effective and reliable typing scheme is urgently needed to rapidly
identify these clones for active surveillance and epidemiological
investigations.

A typing scheme involving 24 single nucleotide polymorphisms
(SNPs) has been developed for genotyping Shigella serogroups; this
system has discriminatory resolution for other Shigella serotypes
but not for S. sonnei (6). Therefore, we focused on the 10,111 SNPs
discovered by the genome sequencing of a global collection (1), in
order to identify informative SNPs. We selected 97 informative
SNPs which were evenly distributed around the S. sonnei chromo-
some (see Table S1 in the supplemental material). We extracted, in
silico, alleles for these loci from the genome sequences of S. sonnei
strains Ss046 (NC_007384.1) and 53G (HE616528) and 99 repre-
sentative isolates (ERP000182) described by Holt et al. (1) (see
Table S2 in the supplemental material). A minimal spanning tree
was generated using Bionumerics 5.1 (Applied Biomaths, Bel-
gium) by grouping haplotypes that shared at least 92/97 loci. The
overall structure of the tree was nearly identical to that produced
by the 10,111 SNPs (see Fig. S1 in the supplemental material); all
the isolates were resolved in five clusters (Fig. 1A). Most of the 99
isolates analyzed previously fell into lineages I, II, and III (gray
nodes in Fig. 1A). The minor differences were that (i) strain 259,
which stood alone as lineage IV, was grouped with lineage I iso-
lates because only 3 of 97 selected SNPs separated these lineages
and (ii) nine isolates were separated from lineages I to III as sin-
gletons due to differences at more than five loci. However, these
singletons shared more alleles with the isolates in their corre-
sponding lineages than isolates from other lineages. Hence, the 97
SNPs were phylogenetically informative and can reliably discrim-
inate between the known S. sonnei lineages.

To test the phylogenetic robustness of these 97 SNPs, we ana-
lyzed 68 novel isolates using high-resolution melting (HRM) (see
Table S2 in the supplemental material). These 68 isolates were

collected between 1991 and 2007, including 13 from Africa, 19
from Asia, 2 from the Caribbean, 2 from Europe, 4 from North
America, and 10 from South America. The origins of 18 isolates
were not recorded. For each isolate tested, 100- to 150-bp frag-
ments were amplified for each SNP locus, followed by HRM ac-
cording to the manufacturer’s instructions (Qiagen). SNPs were
called against the reference Ss046 strain (7) using Rotor-Gene
6000 Series Software 1.7 with �30% confidence. Loci with �80%
confidence were called as reference alleles, and variants with 31 to
79% confidence were considered ambiguous and were resolved by
sequencing.

Of the 68 isolates analyzed by HRM, 10 belonged to lineage II
and 58 belonged to lineage III (Fig. 1A). The new lineage II isolates
included two from Brazil (1997, 1999), one from the Dominican
Republic (2006), and one from Bali (2001); the remainder had
unknown geographical provenance and were isolated between
1991 and 2007. This demonstrates that lineage II had reached
South America by the late 1990s and confirmed its presence in
Asia. Four isolates, three from Mexico (2001 to 2003) and one of
unknown origin (2002), were clustered in IIIa, which has been
previously shown to be present in Europe and Central America/
the Caribbean. This indicated that sublineage IIIa had also dis-
persed to North American countries. A total of 28 novel isolates
belonged to sublineage IIIb, most of which originated in Brazil
(1997 to 2002) or the Indian subcontinent (Pakistan, India, and
Nepal; 2000 to 2008). This is consistent with previous observa-
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tions of IIIb in Pakistan and French Guyana. A total of 26 of the 68
isolates belonged to sublineage IIIc, which included most of the
isolates from Africa (Malawi, Gambia, Nigeria, Morocco, Egypt,
and Tunisia; 2000 to 2006), five from Asia (China, Uzbekistan,
and Syria; 2002 to 2007), and one each from the Caribbean (Cuba;
2005), Europe (Turkey; 2006), and North America (Mexico;
2005). The geographic origins of the remaining six IIIc isolates
(2000 to 2007) were unknown. These results were also consistent
with the previous report (1) that IIIc was globally present, with the
majority of isolates from Africa and Asia.

The phylogeny produced by the 97 SNPs was in agreement
with the structure produced by multilocus variable-number tan-
dem-repeat analysis (MLVA), which produced 4 main clones: A1,
B, C1, and C2 (8). Isolates from MLVA group A1 were distributed
among sublineages IIIa to IIIc, while all MLVA group B isolates
belonged to lineage I and isolates of MLVA groups C1 and C2
belonged to lineage II (see Fig. S2 in the supplemental material).

Recombination has been shown to be rare within S. sonnei (1).
We found a strong linkage disequilibrium between 97 SNPs (in-
dex of association [IA] � 47.13, P � 0.01; standardized measure of
IA: rD � 0.50, P � 0.01) using MultiLocus 1.3 (9). Due to this
nonrandom association between 97 SNPs, we further identified
six SNPs that can define the main lineages/sublineages (see Fig. S1
in the supplemental material). Four of these 6 SNPs (kduD, deoA,
SSON_0236, and emrA) resolved isolates into lineages I, II, and IV
and collectively into lineage III. Two additional SNPs (fdx and
menF) further resolved lineage III into sublineages IIIa, IIIb, and
IIIc (Fig. 1B; see Fig. S1). Furthermore, an SNP within the gyrA
gene was present in all isolates that were resistant to quinolones or
that showed reduced susceptibility to fluoroquinolones. There-
fore, this SNP can be tested to identify quinolone-resistant isolates
(see Table S1 in the supplemental material).

Several molecular typing schemes, including multilocus se-
quence typing (MLST), pulsed-field gel electrophoresis (PFGE),

FIG 1 (A) A minimal spanning tree of 169 S. sonnei isolates using the data from 97 chromosomal SNPs. Haplotypes were clustered into groups by sharing at least
92 alleles. Nodes including isolates described by Holt et al. (1) are shown in gray and do not reflect the number of isolates. Nodes containing 68 isolates that were
HRM typed are displayed as pie charts whose sizes correspond to the numbers of isolates. Distances between haplotypes (nodes) reflect the numbers of
polymorphic SNPs and are shown in log scale. (B) Major S. sonnei clones defined by a minimal set of six SNPs. Lineages are labeled as identified from the whole
genomic variation presented by Holt et al. (1) and their corresponding MLVA groups as described by Filliol-Toutain et al. (8).
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and MLVA, have been applied to S. sonnei for evolutionary and
epidemiological studies. MLST lacks discrimination, as all isolates
are assigned to a single clonal complex (10). PFGE and MLVA
offer higher resolution (8, 11, 12), but these methods are more
labor-intensive, require special expertise, and are difficult to in-
terpret. In contrast, HRM-based SNP typing is highly sensitive,
rapid, and cost-effective and is therefore increasingly used for bac-
terial analysis (13–15). HRM data analysis does not require expert
training, and it can be easily implemented in reference laborato-
ries across the globe provided an initial investment in an HRM
facility is made. Whole-genome sequencing (WGS) indexes the
entire genome variation and is therefore suitable for studying de-
tails of the population structure. However, WGS of a strain still
costs more than six PCRs and poses technical challenges in han-
dling and analyzing the enormous amounts of data required for
routine diagnostics. Moreover, this set of six SNPs has been de-
rived with a highly robust phylogeny based on genome-wide vari-
ation in a diverse global collection, and an absence of recombina-
tion in S. sonnei (1) provides them long-term stability as
molecular markers for the rapid detection of major S. sonnei
clones.
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